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| INTRODUCTION
Pulmonary embolism (PE) is the most serious form of venous thromboembolism (VTE). Mortality after untreated acute PE has been estimated to be as high as 30%, 1 but with current treatment standards, has decreased to as low as 1.8%. 2 Despite current success in acute PE treatment, up to 4.8% of PE patients continue to develop long-term sequelae such as chronic thromboembolic pulmonary hypertension, or more commonly, exercise limitation. 3, 4 To date, there is a paucity of research aimed at identifying patients at risk to experience persistent long-term functional limitation after PE. in a retrospective database analysis, Tapson et al 6 showed that only 20% of patients had repeat CTPA and 6% had repeat ventilation/ perfusion following acute PE. Furthermore, to our knowledge, the correlation between findings or change in findings over time on imaging and long-term functional exercise limitation after PE has yet to be evaluated.
As a planned sub-study of the prospective, multicenter ELOPE (Evaluation of Longterm Outcomes after PE) Study, 4 we aimed to describe the results of serial imaging by CTPA and perfusion scan during 1 year after a first episode of acute PE, and to assess the association between imaging parameters and exercise limitation at 1 year.
| METHODS

| Study population
Patients with acute PE were recruited from five university-affiliated centers in Canada between June 2010 and February 2013. Eligibility criteria included aged 18 years or older, first episode of acute PE that was objectively diagnosed within the last 10 days, and planned for (primary outcome) was defined as percent of predicted peak oxygen uptake (VO2) <80%. 
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Essentials
• Exercise Limitation 1 year after an acute pulmonary embolism is common.
• Serial imaging after acute pulmonary embolism is not well described and how it affects exercise limitation remains unknown.
• 1 year after an acute pulmonary embolism chronic changes are common, more so on perfusion lung scanning than CT pulmonary angiography, but imaging findings did not predict exercise limitation.
anticoagulation treatment. Patients were excluded if they met the 
| Study visits and procedures
At study entry, demographic and clinical characteristics were recorded on a standardized case report form. Patients attended study visits at baseline, 1, 3, 6, and 12 months. At the 1-and 12-month visits, CPET was performed in the pulmonary function laboratory of the respective hospital (details of CPET protocol were previously described 4 ).
| CTPA
CTPA was performed at baseline and at 12 months in each par- CTO index was calculated according to the formula described by Qanadli et al., 7 whereby the arterial tree of each lung was regarded as having 10 segmental pulmonary arteries (3 to upper lobes, 2 to middle lobe or lingula, 5 to lower lobes). Embolus in a segmental PA was given a score of 1 and emboli at the most proximal arterial level are given a value equal to number of segmental PA that arise distally. Each embolus was assigned a weighting factor (0, no defect; 1, partial occlusion; 2, complete occlusion). Subsegmental emboli were considered as partially occluded segmental PA. The maximum clot load score is 40; clot load score is converted to a percent to obtain the CTO index.
Main pulmonary artery diameter was measured at the pulmonary artery bifurcation on an axial slice vertical to its long axis.
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Ventricular measurements were made on axial images perpendicular to the long axis of the heart. Diameters were measured as the maximum distance from the interventricular septum to the endocardial border at the valvular level.
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CTPAs were read centrally by a single experienced thoracic radiologist (author CD) kept blind to patient's clinical data and results on other tests.
| Nuclear perfusion (Q) lung scan
Perfusion scans were performed at 6 and 12 months at each center using the hospital's standard protocol. Ventilation scans were not 
| CPET
The prespecified primary outcome of the study was maximal aerobic capacity defined by peak oxygen uptake (VO2) as a percent of predicted maximal VO2 (VO2 peak) on 1-year CPET, with <80% predicted VO2 peak considered abnormal. 5 CPET tests were inter- 
| Statistical analysis
Demographic, clinical, and imaging data were summarized.
Changes in CTO index (from baseline to 12 months) and in PVO (from 6 to 12 months) over time were presented graphically. We examined the correlation between CTO index on CTPA and PVO on perfusion scan at 1 year using Spearman's correlation coefficient. We also assessed the association between CTO index at 12 months, PVO at 6 months and 12 months, and ability to achieve normal exercise capacity (percent-predicted VO2 peak >80%) on 12 months CPET. To assess the relationship between baseline abnormalities on CTPA and exercise limitation at 1 year, multiple log-binomial regression modeling was used to estimate relative risks (RR) to identify predictors of abnormal VO2
peak at 1 year. Final model selection was based on the Bayesian Information Criterion BIC.
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To assess inter-rater reliability, second raters re-read random samples of 20 CTPA scans (author EP) and 20 perfusion scans (author GA), and concordance correlation coefficients were calculated.
Statistical analyses were performed using Stata Statistical Software (StataCorp LP, College Station, TX).
| RESULTS
Of the 984 patients screened for participation, 105 were eligible and 100 (67%) consented to participate. A detailed chart of patient flow was previously published. 4 Mean (SD) age was 50 (15) years, 57% were male, and 80% were outpatients. In terms of comorbidity, 13% of patients had preexisting lung disease (COPD or asthma) and none had congestive heart failure or cancer. Most patients were treated with 5-7 days of low molecular weight heparin followed by warfarin. The mean (SD) duration of anticoagulant treatment was 5.7
(2) months. All 100 patients had a CTPA at baseline, and 82 had a follow-up CTPA at 1 year perfusion scan was performed in 84 patients at 6 months and 73 patients at 1 year. CPET was performed in 86 patients at 1 year.
CTPA findings at baseline and 1 year are shown in Table 1 . On baseline CTPA, mean (median; SD) CTO index was 28.1% (27.5%;
18.3%) and no patients had findings to suggest chronic PE or chronic thromboembolic pulmonary hypertension. At 1 year, mean (median; SD) CTO index at 1 year was 1.2% (0%; 4.3%), and 10 of 82 (12.2%) patients had findings of residual chronic PE, including mural filling defects (4 patients), webs (2 patients), beading (1 patient), and abrupt occlusion with vessel tapering (6 patients) (some patients had more than one finding). Depiction of within-individual change in CTO index from baseline to 12 months is presented in Figure 1 .
The one patient who had an increase in CTO index from baseline to 12 months had recurrent PE at 12 months, while off anticoagulation.
The presence of contrast reflux into the inferior vena cava, septal shift and pulmonary infarcts diminished from baseline to 1 year.
Additional CTPA findings are detailed in Table 1 .
To evaluate the association between baseline CTPA variables and percent-predicted VO2 peak abnormality, multivariate modeling adjusted for sex, age, and BMI was done, and showed that base- Perfusion scan findings at 6 and 12 months are presented in patients at 1 year (mean (SD) PVO in these patients was 13.7% (11.2%; 11.2%). Among individual patients who had perfusion scans at both 6 and 12 months, 26 of 32 (81.3%) patients with abnormal PVO at 6 months also had abnormal PVO at 12 months. Within individual change in PVO from 6 to 12 months is shown in Figure 2 . Five patients had increased PVO from 6 to 12 months, one of whom had recurrent PE and rise in CTO as described above.
There was a statistically significant correlation between CTO index at 1 year and PVO at 1 year (Spearman's rho = 0.40, P = .001).
Mean (median; SD) CTO index at 12 months was similar in patients with percent-predicted VO2 peak <80% vs >80% on 1-year 
| DISCUSSION
To our knowledge, the current study is the first to prospectively describe change in imaging parameters during the first year after PE and to attempt to correlate imaging parameters with long-term functional exercise limitation following acute PE. In our multicenter prospective cohort study of patients with acute PE followed for 12 months, we found that imaging findings after PE did not predict exercise limitation and that residual thrombus does not appear to explain long-term functional limitation after PE. The mean CTO index decreased from 28.1% at baseline to 1.2% at 12 months, and was normal (ie, 0%) in 84.1% of patients at 12 months. On perfusion scan, mean PVO was similar at 6 and 12 months post PE (6.0%
and 5.6%, respectively), and was normal (ie, PVO 0%) in 58.9% of patients at 12 months. We did not find any association between CTO index at 12 months or PVO at 6 months or 12 months and abnormal CPET (ie, percent-predicted VO2 peak <80%) at 1 year.
We also noted resolution of pulmonary infarcts and signs of right ventricular dysfunction from baseline to the 12-month CTPA, and a relatively low frequency of arterial signs of chronic PE (12.2% of cases).
The rates of abnormal CTO index (15.9%) and PVO (41%) at 12 months in our study are within the range of those previously reported. 12, 13 For instance, Cosmi et al. described a prospective cohort study in which 15% (12/80, 95% CI: 8%-25%) of patients had residual PE on CTPA and 28% (26/93, 95% CI: 19%-38%) had residual perfusion defects on perfusion scan at a mean of 9 months after PE. 13 The rate of abnormal PVO (52%) about 1 year after acute PE was even higher in the systematic review reported by Nijkeuter et al., 14 although this difference may be explained by differences in patient populations (for example, patients admitted to the intensive care unit were included in some of the studies reviewed) and anticoagulation duration. Of note, the higher rate of abnormal PVO on perfusion scan than CTO on CTPA scan in their study was consistent with our own findings. The reason for this likely relates to the higher sensitivity of ventilation/perfusion scan for the diagnosis of chronic PE. For example, Tunariu et al.
showed that a normal or low-probability ventilation/perfusion scan effectively excludes chronic thromboembolic pulmonary hypertension, with a sensitivity of 97.4% and a specificity of 90%, while CTPA had a sensitivity of only about 51% for chronic thromboembolic pulmonary hypertension but a specificity of 99%. 15 Indeed, the European Society of Cardiology and Respirology Guidelines support the use of ventilation/perfusion scan as the test of choice to do targeted case-finding for chronic thromboembolic pulmonary hypertension.
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Despite a relatively high incidence of abnormal PVO in our study, we did not find a significant association between PVO at 6 or 12 months and exercise limitation on 12-month CPET. To date, the relationship between PVO and adverse outcomes after PE has not been consistent. an association between residual perfusion defects on ventilation/ perfusion scan after 3 months of anticoagulation and subsequent VTE recurrence during a median of 28 months of follow-up. In the current study, 6-month PVO as opposed to baseline PVO was measured, and by 6 months, mean PVO was only 6%. Our rationale for performing the first perfusion scan at 6 months was to analyze residual clot burden at a time point at which most patients would have stopped anticoagulation. While we thus cannot determine if baseline PVO might have been associated with VO2 peak <80% at 1 year, we previously reported that no significant association was noted for baseline CTO index and VO2 peak <80% at 1 year.
4
We also report the lack of association between CTO index at 12 months and CPET at 12 months. In prior studies, baseline CTO index has been associated with adverse PE outcomes such as mortality. 5 However, the relation between follow-up CTO after acute PE treatment and long-term adverse events is less certain. For example, in the PROMETHEUS study, den Exter et al 19 showed that the presence of residual obstruction on CTPA at 6 months after PE diagnosis was not associated with recurrent VTE after 6 months (adjusted hazard ratio: 0.92; 95% CI: 0.2-4.1). These findings, in corroboration with those from the current study, argue against performing repeat imaging after acute PE for prognostic purposes in otherwise asymptomatic patients.
Finally, we found that two baseline CTPA variables, PA diameter and presence of inferior vena cava reflux, were significantly associated on multivariate analysis with percent-predicted VO2 peak <80% at 1 year. Similar to CTO, reflux in the inferior vena cava has been associated with 30-day mortality following acute PE. 20 However, pulmonary artery diameter, which has been associated with clot burden, has not demonstrated direct association with adverse PE outcomes. 21 To our knowledge, this is the first report associating these two variables to long-term functional limitation, which contrasts with the lack of association between baseline CTO and long-term functional limitation.
Furthermore, those patients with chronic residual PE at 12 months appear to have higher CTO at baseline and 12 months, and higher PVO at 6 and 12 months, but this did not translate into significant differences in percent-predicted VO2 peak at 12 months between those with and without chronic residual PE. Thus, while it is known that patients who develop chronic pulmonary vascular obstruction have significant symptoms, 22 our study highlights that exercise limitation may exist even in the absence of chronic imaging abnormalities indicative of vascular compromise. Why baseline imaging parameters, such as abnormal pulmonary artery diameter, appeared to be more prognostic than follow-up imaging parameters is uncertain, although our study patients had normalization of most imaging parameters by 12 months.
There are several limitations to this study that should be acknowledged. First, we excluded patients with severe comorbidity or limited lifespan, and thus it is likely that we selected for a healthier patient population. Second, there was a lack of control group of patients with no PE. Third, this was a modest-sized cohort of PE patients (indeed, no patients developed chronic thromboembolic pulmonary hypertension), and there was some missing data during follow-up. Nevertheless, our sample size had adequate power (>84%) to detect a difference of 2.5 units in mean CTO index (range 0-100) at 1 year in those with percent-predicted VO2 peak <80% vs >80% on 1-year CPET. Fourth, we performed only perfusion scan, omitting ventilation scan. Thus, non-embolic pulmonary pathologies could have accounted for the increase in PVO seen in two patients between 6 and 12 months. Fifth, we did not collect data on all parameters required to calculate the PESI score, and had no information on performance status. In addition, the pre-PE exercise status of these patients cannot be known. Low fitness, and sedentary risk factor may be a risk factor for PE, and may contribute to their abnormal exercise capacity 1 year post PE.
Finally, although we assessed PVO, pulmonary artery diameter and CTO index as potential markers of poor prognosis after acute PE, validated cut-offs that are indicative of worse prognosis have not been established.
The lack of correlation in the current study between imaging findings and long-term exercise limitation may reflect the uncertainty surrounding the exact definition of "post-PE syndrome." While chronic thromboembolic pulmonary hypertension is widely recognized as the end-stage manifestation of post-PE syndrome, a comprehensive definition of this syndrome has yet to be proposed. 23 Studies addressing this issue convey common themes of self-reported dyspnea and/or measured decreased poor physical performance. 24 To further complicate the issue, the term "chronic thromboembolic disease" is increasingly used in the medical literature in recent years. While most experts agree that chronic thromboembolic disease is defined as persistent pulmonary vascular occlusion in the absence of pulmonary hypertension, it remains controversial whether actual documented impaired physical performance should also be part of chronic thromboembolic disease. 25, 26 It might be interesting to hypothesize that post-PE syndrome includes a spectrum of post-PE patients: from those with symptoms and exercise intolerance with no or mild residual imaging abnormalities (as described in this paper), to those with symptoms, residual vascular obstruction, but minimal hemodynamic abnormalities (chronic thromboembolic disease), to full-blown chronic thromboembolic pulmonary hypertension with symptoms, residual vascular obstruction and pulmonary hypertension. What is clear, however, is that post PE symptoms are widespread, and further work is needed to fully define the post-PE syndrome.
A prior study from the ELOPE investigators has attempted to define a post-PE syndrome characterized by persistent dyspnea, exercise limitation, and reduced quality of life at 1 year after PE. 4 The current secondary analysis of the ELOPE study provides important information on expected changes in imaging parameters on CTPA and perfusion scan over time after acute PE, and their relation to each other and to functional outcome at 1 year. That both CTO index and PVO lacked association with 1-year CPET results highlights the difficulty in identifying patients who are predisposed to long-term functional limitation after PE, as well as gaps in our understanding of the mechanisms of that limitation. Our findings also suggest that routine serial imaging after PE for prognostic purposes may not be of clinical value in asymptomatic patients, although imaging may still be valuable to establish a new baseline in case of future recurrence and to diagnose chronic thromboembolic pulmonary hypertension in symptomatic patients. Which patient populations would benefit most from post-PE imaging remains to be defined.
R EL ATI O N S H I P D I SCLOS U R E
